a Objective: To investigate the toxicity and activity against HIV of 5-hydroxytyrosol as a potential microbicide.
protection in vaccine trials have led scientific community to search for other preventive methods including topical microbicides or preexposure prophylaxis (PrEP).
Concerning microbicides, the CAPRISA004 study was based on a gel containing tenofovir (TFV) topically applied before and after the sexual intercourse showing a reduced the risk of HIV infection through heterosexual intercourse by almost 40% [2] . Similarly, the iPrEx study showed that a combination of emtricitabine (FTC) and TFV was 44% effective in preventing infection in MSM [3] . These studies were the first ones in which a drug prevention method was able to diminish chances of infection. In regard to PrEP, the HPTN 052 trial showed that ART given to HIV seropositive heterosexual individuals with healthy immune systems reduced by 96% the risk of infection for their uninfected partners [4] . However, recently, oral and topical drug prophylactic treatment of African women in the VOICE study showed no benefits at all, likely because adherence was very low [5] . On the other hand, two different studies showed that the combination of TFV and FTC used as prophylaxis was highly effective in reducing the rate of HIV infection [6] , whereas a recent study confirmed that no new HIV infections were observed with PrEP in a clinical setting [7] . Therefore, although the use of ART as prophylactic strategy seems to be effective, it raises some concerns of long-term toxicity and potential emergence of viral resistance. In this regard, nontoxic drug development would be useful to avoid both viral resistance and drug toxicity. Moreover, HIV strains resistant to currently used ART are circulating worldwide, and thus they will be unlikely affected by PrEP strategies in a global scenario.
Topical or oral prophylactic treatment should be especially used in developing countries, which cannot afford ART economic costs and are strongly hit by AIDS epidemic and would be the only method controlled by women. Therefore, new developed microbicides should be both efficacious and cheap. Among other candidates, 5-hydroxytyrosol is a polyphenol derivative displaying known antioxidant properties. In addition, previous independent research showed that 5-hydroxytyrosol exerted an anti-HIV activity in vitro mainly targeting the viral integrase and the envelope-mediated fusion with host target cells [8] [9] [10] . Although 5-hydroxytyrosol is not suitable for development as an orally available antiretroviral agent due to its low intrinsic activity, in the mmol/ l range, its chemical properties, easy formulation, barrier diffusion and lack of toxicity support the hypothesis that it could be an excellent microbicide candidate.
In the present study, we show that 5-hydroxytyrosol inhibited the replication of several HIV-1 strains, including drug-resistant isolates as well as founder viruses in either additive or synergistic fashion in the presence of other antiviral agents and without toxic effects in vivo, therefore supporting its development as a potential new microbicide candidate. . Cells were maintained at 37 8C in a 5% CO 2 humidified atmosphere and split twice a week. PBMCs were preactivated with PHA (5 mg/ml) (Sigma-Aldrich) and interleukin-2 (300 IU/ml) before use. U87 cell line, stably expressing CD4 þ and CCR5 (U87.CD4 þ .CCR5), was maintained in DMEM containing G418 (300 mg/l) (Sigma-Aldrich, Schnelldorf, Germany) and puromycin (1 mg/l) (Sigma-Aldrich).
Methods Reagents

Plasmids and virus
Wild-type X4-tropic NL4.3 and R5-tropic HIV-1 Bal were expanded through several passages in MT-2 cells or human PBMCs. Plasmids pNL4.3-Luc [11] , pNL4.3 [12] and pJR Renilla [13] have been previously described.
Resistant viruses Q148K (integrase), K65R and M184V (retrotranscriptase) mutations were introduced by Polymerase chain reaction in pNL4.3-Ren clone using the QuickChange Lightning Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, California, USA) to produce replication-competent viruses expressing the Renilla reporter gene. Multiresistant viruses were generated by cloning the full-length HIV-1 pol gene amplified from patient's serum in the pNL4.3-lacZ/pol-Ren vector as described previously [12, 14] .
HIV subtypes
Subtypes of recombinant HIV-1 were generated by cloning the full-length HIV-1 envelope (Env) in pNLlacZ/env-Ren vector as described previously [13] . The Env of VI-191 (subtype A), 92BR025 (subtype C), 92UG024 (subtype D) and CM244 (subtype E) strains were amplified from culture supernatants kindly provided by Holmes et al. [15] (NIBSC, London, UK) through the NeutNet consortium. The Env from strains X-845-4 (subtype F1) and X-1628-2 (subtype G) obtained from culture supernatants were kindly provided by Lucía Pérez Á lvarez (ISCIII, Madrid, Spain).
Primoinfection viruses
Transmitted/founder viruses from acutely infected patients were identified at the Centro Sanitario Sandoval. Plasma samples from three HIV-1-infected patients were tested for p24 antigen and virus-specific antibodies (Ab) and then classified according to Fiebig et al. [16] . These patients had HIV-1 Ab detectable by enzyme-linked immunosorbent assay (ELISA), but either negative (Fiebig stage III) or indeterminate (Fiebig stage IV) by western blot, indicating recent infection. Plasma samples from Transmitted-Founder viruses were recovered, and full-length env genes were amplified from plasma RNA of three HIV-1-infected patients. Recombinant viruses were generated by cloning their full-length Envs in the pNL-lacZ/Env-Ren vector as described previously [13] .
Anti-HIV activity evaluation
Infectious supernatants were obtained from calcium phosphate transfection on 293T cells and used to infect cells in the presence or absence of different concentrations of 5-hydroxytyrosol. The quantification of anti-HIV activity was performed 48 h postinfection by two different parameters depending on the virus used. First, for Renilla-luciferase viruses, cell cultures were lysed with 100 ml of buffer and relative luminescence units were obtained in a luminometre (Berthold Detection Systems, Pforzheim, Germany) after the addition of substrate to cell extracts following the specifications of 'Renillaluciferase assay system' (both Promega, Madison, Wisconsin, USA). Second, by measuring p24-Gag antigen amount in supernatants using a commercially available ELISA kit (Innotest-HIV-antigen mAb; Innogenetics, Zwijndrecht, Belgium) [17] for viruses not expressing Renilla-luciferase. Cell viability in treated mock-infected cells was measured in parallel with same conditions as in the antiviral assay by CellTiter Glo (Promega) assay system. Inhibitory concentrations 50% and cytotoxic concentrations 50% (CC 50 ) were calculated using GraphPad Prism software (La Jolla, California, USA).
Combination experiments 5-Hydroxytyrosol was tested in combination with TFV, 3TC and FTC. Inhibitory concentration 50%/inhibitory concentration 50% ratios were determined in different drug combinations, and anti-HIV evaluation of each compound was determined separately and in combination upon infection with an X4-tropic recombinant virus (NL4.3-Ren). The Calcusyn Software (Cambridge, UK) was used to evaluate combination index for each combination.
RAJI-DC-SIGN transfer assay
RAJI-DC-SIGN cells were preincubated with 5-hydroxytyrosol (final concentrations: 100, 10 and 1 mmol/l). An hour later, viral supernatants (NL4.3-Renilla) were added. Two hours later, cells were resuspended in RPMI with 5-hydroxytyrosol at the same concentrations. Afterwards, cultures were cocultured with preactivated PBMCs/well to assess inhibition of virus transfer by RAJI-DC-SIGN cells [18] . Cell culture was lysed 48 h after infection, and virus replication was measured as described above.
In-vivo toxicity 5-Hydroxytyrosol gel was administered for 14 consecutive days by topical route to the vaginal mucosa of rabbits. The animals received 1 ml/animal per day of three different doses (30, 100 and 200 mmol/l). All animals were sacrificed at the end of the treatment period. Mortality/viability, clinical signs and body weight were recorded during the study. The day before treatment start, a vaginal smear sample was taken from the vaginal mucosa for microbiological assessment. Vaginal pH was measured immediately after sacrifice of the animals. A macroscopic examination of the genital apparatus of each animal was performed with special emphasis on the vaginal surface. Microbiological assessments were performed on samples of vaginal mucosa. Sections of the distal, medial and proximal zones of the vagina were collected for microscopic examination (epithelium, leukocyte infiltration, vascular congestion and oedema), and cell culture of the vaginal exudates was performed to identify bacteria in the flora of the vagina.
Results
Anti-HIV activity of 5-hydroxytyrosol in vitro 5-Hydroxytyrosol infection inhibition by R5-tropic or X4-tropic HIV-1 was evaluated in different target cells using either the recombinant virus assay [12] or a classic p24 Gag detection assay. Both assays were performed in lymphoblastic cell lines (MT-2 and TZM-Luc cells) and in preactivated PBMCs with either X4-tropic (NL4.3 and NL4.3-Ren) or R5-tropic (HIV Bal and JR-Ren) HIV-1. In addition, the potential effect of 5-hydroxytyrosol on DC-SIGN trans-infection was also tested using RAJI-DC-SIGN cells cocultured with preactivated PBMCs. Cell viability was measured in parallel with all these conditions. 5-Hydroxytyrosol displayed a clear-cut anti-HIV activity in all the cell types ( Fig. 1) . Moreover, 5-hydroxytyrosol diminished virus replication in infections performed with either X4-tropic or R5-tropic HIV-1 in the medium micromolar range.
Although inhibitory concentration 50% values were similar, 5-hydroxytyrosol seemed to be slightly more potent in MT-2 (with inhibitory concentrations 50% between 34 and 36 mmol/l) than in PBMCs infections (inhibitory concentrations 50% values between 42 and 58 mmol/l). 5-Hydroxytyrosol activity was not due to cell death, as it lacked cell toxicity up to 250 mmol/l in PBMCs and it reduced cell viability in cell lines only more than 125 mmol/l. Finally, 5-hydroxytyrosol activity was not due to a nonspecific effect of the detection method as it inhibited the replication of both recombinant and wildtype HIV using two different detection systems, that is Renilla-luc activity and p24 Gag production.
5-Hydroxytyrosol was tested also in DC-SIGN-mediated infections, one of the main pathways involved in HIV of infection in vivo. To do that, a cell line stably transfected with DC-SIGN receptor, RAJI-DC-SIGN, was used. As shown in Fig. 1, b1 , 5-hydroxytyrosol inhibited the infections mediated by a RAJI-DC-SIGN cell line.
5-Hydroxytyrosol combination with TFV and FTC and 3TC shows synergy/additive effect in HIV-1 infection of PBMCs and MT-2 cells. The only preventive treatment that showed clinical efficacy as a microbicide against HIV-1 infection thus far was TFV and FTC [3, 19] . Thus, invitro combination experiments using 5-hydroxytyrosol and TFVor FTC and 3TC were performed in MT-2 cells and preactivated PBMCs.
As shown in Fig. 2 , combination indices for 5-hydroxytyrosol and TFV combinations were around 0.6 for all the scenarios tested, infection in MT-2 cells or preactivated PBMCs with PHA/interleukin-2. Thus, combination of TFVand 5-hydroxytyrosol in vitro shows a strong synergy. On the other hand, combination of 5-hydroxytyrosol with FTC or 3TC resulted only in additive effects and even in a moderate antagonism, with combination indices around 1.
5-Hydroxytyrosol inhibits wild-type and resistant virus with the same inhibitory concentration 50% Viral resistance is one of the main potential problems of ART, and it is of particular concern in the context of HIV prevention. Thus, we tested the anti-HIV activity of 5-hydroxytyrosol against viral clones resistant to NRTIs, NtRTIs, NNRTIs, protease inhibitors and INIs (Fig. 3) . We used HIV-1 resistant to TFV (K65R), FTC (M184V) or double (K65R and M184V). Multiresistant HIV-1 pol genes amplified from infected patients were cloned into the NL4.3-Ren backbone, and the following viral clones were generated: NL4.3-2169-Ren (encompassing the following mutations: NRTI: M41L, E44D, A62V, D67E, 69ins, V118I, L210W and T215Y NNRTI: K103N and G190S and protease inhibitors: M36I, I54V, L63P, A71V, G73S and L90M) and NL4.3 -3INK-Ren (encompassing the following mutations: NRTI: M41L and T215Y NNRTI: K103N and P225H PRI: L10V, L24I, M46I, I54V, L63P and V82A). 5-Hydroxytyrosol was also tested against RTG-resistant HIV-1 obtained by sitedirected mutagenesis in the NL4.3-Ren backbone (Q148K).
As shown in Fig. 3 , 5-hydroxytyrosol inhibited all these resistant viral clones with similar inhibitory concentrations 50% and comparably with wild-type viruses as the maximum fold of resistance was 1.9 with the multiresistant clone 3INK.
5-Hydroxytyrosol is active against different HIV subtypes and founder viruses
Ideally, a microbicide should be effective against a broad spectrum of HIV subtypes, in particular those found in low-income countries. To investigate 5-hydroxytyrosol activity on several subtypes, env gene of subtypes A, C, D, E, F and G were cloned in the NL4.3-Ren backbone and used to infect MT-2 cells (subtype X4-tropic) or U87.CD4 þ .CCR5 (subtype R5-tropic). Furthermore, they were all tested in PBMCs preactivated with PHA/ interleukin-2. It has been claimed that transmittedfounder viruses display specific characteristics in the env gene and resistance to class I interferon, although this is a matter of debate [20] . Accordingly, microbicides should be particularly active against transmitted-founder viruses. To test the activity of 5-hydroxytyrosol against the Env from these strains, the env gene from founder viruses was amplified from patients in Fiebig III-IV stages and cloned in the NL4.3-Ren backbone.
As shown in Fig. 4 , 5-hydroxytyrosol inhibited all the six different subtypes of HIV with inhibitory concentration 50% values in the same range. Moreover, 5-hydroxytyrosol was also able to inhibit replication of recombinant viruses carrying the env genes from three different transmitted-founder strains, both in human-preactivated PBMCs and in cell lines (U87.CD4 þ .CCR5 for A, C, F and G subtypes and all the founder viruses and MT-2 for D and E subtypes) with very similar inhibitory concentrations 50%.
Vaginal toxicity test in rabbits
Local 5-hydroxytyrosol toxicity was evaluated in vivo after treatment for 14 consecutive days by topical application of three doses (30, 100 and 200 mmol/l) to the rabbit vaginal mucosa. All animals were sacrificed at the end of the treatment period, and mortality/viability, clinical signs, vaginal pH and macroscopic and microscopic assessment were evaluated ( Table 1) .
As shown in Table 1 , no differences on body-weight evolution, clinical signs and mortality/viability were found. On the other hand, macroscopic examination showed slightly to moderately reddish vaginal mucosa in medial, proximal and/or distal areas (mainly in distal area) in more animals for 5-hydroxytyrosol-treated groups, but without evident dose-effect correlation as compared with placebo or non-5-hydroxytyrosol gel. Cell culture 
Conclusion
In this study, we have investigated 5-hydroxytyrosol as a potential microbicide candidate. 5-Hydroxytyrosol is a natural compound with antioxidant [21] , antiinflammatory [22, 23] and antiviral properties [8] [9] [10] . We show here that 5-hydroxytyrosol inhibits HIV-1 replication with inhibitory concentrations 50% in the micromolar range. Its anti-HIV activity seems to be one order of magnitude higher than data provided by previous literature [8] [9] [10] . Nevertheless, those studies were exclusively based on enzymatic assays or docking studies of interaction with gp41 Env glycoprotein. Our results show that inhibitory concentration 50% of 5-hydroxytyrosol is between 30 and 60 mmol/l depending on the virus strain and cells used.
A microbicide has to be effective in the mucosal environment, in which infections are in part due to the exposure of HIV to CD4 þ lymphocytes by DC-SIGNþ cells [24] . 5-Hydroxytyrosol antiviral activity is not only maintained but it was actually increased in a DC-SIGN-dependent environment (as shown in Fig. 1) , thereby increasing its interest as microbicide. To fully characterize the activity of 5-hydroxytyrosol, other contexts of viral infection such as transcytosis, cell-tocell transmission or SIGLEC1-mediated transmission should be explored [25] .
Although 5-hydroxytyrosol inhibitory concentrations 50% values could be considered 'high' for a drug candidate, as a low oral bioavailability could hamper its IC 50 , inhibitory concentration 50%; CI 95%, confidence intervals at 95%. Table 1 . In-vivo evaluation of 5-hydroxytyrosol toxicity. 5-Hydroxytyrosol was administered at three different doses for 14 consecutive days by topical route to the vaginal mucosa. All animals were sacrificed at the end of the treatment period and mortality/viability, clinical signs, microbiological assessment, vaginal pH and macroscopic and microscopic examination of the genital apparatus of each animal were performed. antiviral effect, previous reports show that 5-hydroxytyrosol oral bioavailability is close to 99% when isotopic labelled 5-hydroxytyrosol was used [21] . In addition, microbicides are used topically, applied directly in vaginal mucosae, which would bypass any problem derived from first pass effect and will yield higher concentrations in the site of action. On the other hand, one of the microbicides clinical assays showing medium efficacy in HIV infection protection, the CAPRISA004 study, was based on an antiretroviral drug, TFV, with inhibitory concentrations 50% also in the micromolar range.
An ideal microbicide would inhibit all the possible HIV strains. To evaluate anti-HIV activity spectra, we tested 5-hydroxytyrosol against drug-resistant HIV. 5-Hydroxytyrosol inhibits infection of HIV clones resistant to almost all the antiretroviral drugs approved, NRTIs, NtRTIs, NNRTIs, protease inhibitors and INIs (Fig. 3) . HIV strains used to evaluate antiviral activity of 5-hydroxytyrosol are included in the B subtype, the dominant form in west and central Europe, the Americas, Australia, South America, and several southeast Asian countries (Thailand and Japan) as well as northern Africa and the Middle East. However, microbicides are conceived to be used particularly in countries with limited resources, as sub-Saharan Africa, in which subtype C is the predominant one. Therefore, we have tested 5-hydroxytyrosol against infections with different subtypes, including HIV found in the early stages after infection (founder viruses). 5-Hydroxytyrosol inhibited all the strains tested in both cell lines and primary preactivated PBMCs (Fig. 4) with similar inhibitory concentrations 50%, suggesting that 5-hydroxytyrosol would be a wide-range HIV inhibitor and an excellent microbicide candidate.
ART includes drug cocktails including at least one NRTI and one NtRTIs or NNRTI, as monotherapy leads invariably to resistance emergence. Microbicides could contain also more than one antiretroviral drug but some combinations are not allowed due to antagonism between antiretroviral drugs [26] . Therefore, we have tested 5-hydroxytyrosol combinations with TFV, 3TC and FTC, drugs usually included in microbicide formulations. 5-Hydroxytyrosol showed a clear synergistic effect with TFV and an additive effect with 3TC and FTC, and thus combinations with these drugs would be likely effective ( Fig. 2) and could be used to develop a new microbicide formulation.
Lastly, toxicity of microbicides has always been a cause of concern as some of them increased the risk of HIV-1 infection due to abrasive or proinflammatory effects.
There is a long history of failed clinical trials on microbicides, due mainly to safety concerns. Detergents such nonoxynol-9 or cellulose sulphate were vaginal mucosa irritating or proinflammatory agents, leading to an increase in HIV infection rates [27] . 5-Hydroxytyrosol showed evidence of cytotoxicity only at very high concentrations in human PBMCs or in the MT-2 cell lines (>250 mmol/l). Moreover, topical route administration of 5-hydroxytyrosol on the rabbit vagina mucosa showed little or no toxicity at all in a classic model of in-vivo toxicity evaluation. These results were not surprising to us on the basis of the anti-inflammatory and antioxidant activity of 5-hydroxytyrosol that has already been described independently [23, 28, 29] . Also in previous clinical assays, there was no evidence of significant toxicity [30] . Although we have not included nonoxynol-9 as a positive control in our in-vivo toxicity study, other authors have done it previously with similar methodology to assess spermicide activity. In rabbits treated with nonoxynol-9 as positive control, erosion of the vaginal epithelial lining, marked leukocyte infiltration, haemorrhage, decreased epithelial cell-height and necrosis of the vaginal epithelium were obtained [31] .
In summary, 5-hydroxytyrosol encompasses several features of an ideal microbicide as it is stable, easily formulable, cheap and nontoxic in a wide range of experimental situations. All these findings together make 5-hydroxytyrosol of great interest as a potential component of novel microbicide formulations to prevent heterosexual HIV-1 transmission via the vaginal mucosa.
